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Abstract. In each rowing sport, the oars have their very own characteristics most of
the time selected through a long time experience. Here we address experimentally and
theoretically the problem of rowing efficiency as function of row lengths and blades
sizes. In contrast with previous studies which consider imposed kinematics, we set an
imposed force framework which is closer to human constraints. We find that optimal
row lengths and blades sizes depend on sports and athletes strength, and we provide
an optimisation scheme.
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Introduction
Most sports require different equipment for different weight categories and genders. For
example, in shot put, women use masses of 4 kg, while men use masses of 7.5 kg.
However in rowing sports [1, 2], row characteristics are surprisingly quite constant in
each discipline regardless of athletes strength and gender. In sculling (Fig. 1(a)), the
row size ranges from 287 to 291 cm [3, 4]. For sweep boats (Fig. 1(b)), the row size
reads 371 to 376 cm [3, 4]. Through rowing history, the tendency has been to reduce
row lengths (by almost 25% since 1850, see Figs. 2(a) and 2(d)). This evolution is also
related to an increase in the blade area and the shift to asymmetric blades (Figs. 2(c)
and 2(e)).
In rowing competitions, the average stroke rate ranges between 30 and 40 strokes
per minute depending on the boat category ‡, which corresponds to strokes of 1.5 to 2
seconds. At the beginning of the race, the stroke rate is yet much higher (40-45 strokes
per minute for a single scull and 45-50 for a coxless four) [5]. The rowing stroke is
divided into two phases: a propulsive phase of about 0.7 seconds (40% of the stroke)
and a recovery phase of 1.1 seconds (60% of the stroke) [6]. During the propulsive
stroke, typical force profiles exerted by the blade on the water were measured by Valery
‡ The average stroke rate is about 33-35 strokes per minute for a single scull and 39 for a coxless four.
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(a)
(b)
` L ⇠ 2m
L ⇠ 2.5m
Figure 1. Front view of a single scull (a) and a coxless pair (b) [1, 2]. The inboard
and outboard lengths are respectively denoted ` and L. Typical lengths are indicated.
Klesnev [7] and are reprinted in figure 2(f). As one can see, the maximal handle force
exerted is around 700 N. More interestingly, as described by coaches, a good rowing
stroke corresponds to a force profile as constant as possible. Our study is conducted in
this limit.
Volker Nolte [8] performed an empirical study of the effects of row length on a
dataset of rowing races. He reported that ’Shorter Oars Are More Effective’. However,
Laschowski et al. [9] studied experimentally the effect of oar-shaft stiffness and length
with elite athletes. They showed that changes in stiffness and length of the oar led to
small differences in the measured boat acceleration but these differences remained of the
same order of magnitude as inter-stroke fluctuations. Caplan et al. [10], Leroyer et al.
[11], and He´mon [12] took interest in the effects of row blade shapes by comparing real
oars and highlighted the complexity of addressing such a problem. A number of authors
[13, 14, 15, 16, 17, 18, 19] addressed the problem of rowing efficiency and optimal rowing
movement from the biomechanical perspective. In particular, Kleshnev et al. [20, 6]
performed an intensive experimental study on propulsive efficiency varying oar travel,
handle force, stroke rate and many other parameters.
Here we present a minimal and self-consistent analysis of the effects of row length
and blade size on rowing performance, with a particular focus on rowing (fixed rowlock).
We decouple the physics from its physiological counterpart and address the problem with
imposed force instead of imposed kinematics. We propose a simple theoretical model
that is compared to experiments made on a dedicated rowing robot. In section 1, we
present our rowing robot and our experimental results. In section 2, we derive the
dynamical equations for a rigid row. In section 3, we derive the row velocity as function
of imposed force for a single row attached to a static boat. In section 4, we compute the
boat velocity at given imposed force for varying row lengths and compare our results to
the experiments. In section 5, we present master plots on the efficiency of rowing boats
and discuss the particular case of sweep oars optimisation.
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Figure 2. (a) Evolution of the row aspect ratio α = L/` for sculling oars in black
and sweep oars in red. Note that since the inboard length ` remained quite constant
through time, α can be seen as the dimensionless row length. The oldest data points
were obtained from race photographs, while the more recent ones come from [8] or were
provided by the French athlete Thomas Baroukh. (b) Evolution of the mean speed of
the winner boat at the Oxford and Cambridge Boat Race (data gathered from [21]).
(c) Evolution of the dimensionless blade area β = S/Sc with S the blade area and
Sc = ShCh/(NCd), where N is the number of blades, Cd the drag coefficient of a
blade, Sh the hull wetted surface and Ch the hull drag coefficient (for all the points,
the hull wetted surface is taken constant as that of a coxless four rowing boat Sh = 5.92
m2). The black dots are for sculling blades and red dots for sweep blades. Data come
from [8]. (d) Picture of three different sweep oars (taken from [22]). The first oar dates
back to 1850, the second one to 1960, and the last one to 1992. (e) Pictures, from left
to right, of a Macon Blade (1960), a Big Blade (1990) and a Fat2 Blade (2017) (from
[4]). (f) Handle force during one stroke as a function of the oar angle for two top-level
French rowers (Edouard Jonville and Augustin Mouterde). These data were collected
by Valery Klesnev [7]. A 0◦ oar angle corresponds to oars perpendicular to the boat.
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1. Robot rowing boat at constant force
In this section, we introduce our model experiment, together with the corresponding
experimental results. In order to understand the effect of the ratio α = L/` on the
boat speed in the limit of constant force, we designed and manufactured a robot row-
ing boat with imposed propulsive force (see Fig. 3). Using a homemade wooden mold
based on a real rowing shell [23] at the scale 1/10th, we built a glass fiber rowing boat
(see Fig. 3(a)(1)) with 4 robot rowers (Fig. 3(a)(5)) with one oar each (Fig. 3(a)(6)).
Constant force during the propulsive phase was ensured through a pulley-mass system.
Each row was linked to a pulley centered at its rowlock. A suspended mass m = 80 g
(see Fig. 3(a)(4)) was connected to the pulley through a string (see Fig. 3(b)) by that
setting the row in motion at constant force Fr = mg (if we neglect frictional losses in all
connections). The angular travel of the row was fixed to θ0 = 90
◦. The recovery phase
and the blade flips were ensured by two servomotors and position sensors connected to
an ArduinoTM board. The masses are suspended to a unique support (see Fig. 3(a)(3))
and four polystyrene floats (see Fig. 3(a)(2)) were added to ensure stability of the boat.
(a)
(b)
boat
row and pulley
Vb/w
Vh/w
Fr
m
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mass and string
<latexit sha1_base64="ukbqtpeQgDeh6GbyigP1poKrIkQ=">AAAC3HicjVHLSsNAFD3GV31X3QhugkVwVVIR1J3oxmUFY4UqZZKOdTAvZiZiKbp zJW79Arf6O+If6F94Z0xBLaITkpw5954zc+8Nskgo7XmvQ87wyOjYeGlicmp6ZnauPL9wpNJchtwP0yiVxwFTPBIJ97XQET/OJGdxEPFGcLFn4o1LLpVIk0PdzfhpzDqJOBMh00S1yksnml9pGfdippTLkrartBRJ57pVrnhVzy53ENQKUEGx6mn5BSdoI0WIHDE4EmjCERgUPU3U4CEj7hQ94iQhYeMc15gkb U5ZnDIYsRf07dCuWbAJ7Y2nsuqQTonolaR0sUqalPIkYXOaa+O5dTbsb94962nu1qV/UHjFxGqcE/uXrp/5X52pReMMW7YGQTVlljHVhYVLbrtibu5+qUqTQ0acwW2KS8KhVfb77FqNsrWb3jIbf7OZhjX7sMjN8W5uSQOu/RznIPDXq9vV2sFGZWe3mHQJy1jBGo1zEzvYRx0+Wd/gEU94dlrOrXPn3H+mOk OFZhHflvPwASvwmaY=</latexit><latexit sha1_base64="ukbqtpeQgDeh6GbyigP1poKrIkQ=">AAAC3HicjVHLSsNAFD3GV31X3QhugkVwVVIR1J3oxmUFY4UqZZKOdTAvZiZiKbp zJW79Arf6O+If6F94Z0xBLaITkpw5954zc+8Nskgo7XmvQ87wyOjYeGlicmp6ZnauPL9wpNJchtwP0yiVxwFTPBIJ97XQET/OJGdxEPFGcLFn4o1LLpVIk0PdzfhpzDqJOBMh00S1yksnml9pGfdippTLkrartBRJ57pVrnhVzy53ENQKUEGx6mn5BSdoI0WIHDE4EmjCERgUPU3U4CEj7hQ94iQhYeMc15gkb U5ZnDIYsRf07dCuWbAJ7Y2nsuqQTonolaR0sUqalPIkYXOaa+O5dTbsb94962nu1qV/UHjFxGqcE/uXrp/5X52pReMMW7YGQTVlljHVhYVLbrtibu5+qUqTQ0acwW2KS8KhVfb77FqNsrWb3jIbf7OZhjX7sMjN8W5uSQOu/RznIPDXq9vV2sFGZWe3mHQJy1jBGo1zEzvYRx0+Wd/gEU94dlrOrXPn3H+mOk OFZhHflvPwASvwmaY=</latexit><latexit sha1_base64="ukbqtpeQgDeh6GbyigP1poKrIkQ=">AAAC3HicjVHLSsNAFD3GV31X3QhugkVwVVIR1J3oxmUFY4UqZZKOdTAvZiZiKbp zJW79Arf6O+If6F94Z0xBLaITkpw5954zc+8Nskgo7XmvQ87wyOjYeGlicmp6ZnauPL9wpNJchtwP0yiVxwFTPBIJ97XQET/OJGdxEPFGcLFn4o1LLpVIk0PdzfhpzDqJOBMh00S1yksnml9pGfdippTLkrartBRJ57pVrnhVzy53ENQKUEGx6mn5BSdoI0WIHDE4EmjCERgUPU3U4CEj7hQ94iQhYeMc15gkb U5ZnDIYsRf07dCuWbAJ7Y2nsuqQTonolaR0sUqalPIkYXOaa+O5dTbsb94962nu1qV/UHjFxGqcE/uXrp/5X52pReMMW7YGQTVlljHVhYVLbrtibu5+qUqTQ0acwW2KS8KhVfb77FqNsrWb3jIbf7OZhjX7sMjN8W5uSQOu/RznIPDXq9vV2sFGZWe3mHQJy1jBGo1zEzvYRx0+Wd/gEU94dlrOrXPn3H+mOk OFZhHflvPwASvwmaY=</latexit><latexit sha1_base64="ukbqtpeQgDeh6GbyigP1poKrIkQ=">AAAC3HicjVHLSsNAFD3GV31X3QhugkVwVVIR1J3oxmUFY4UqZZKOdTAvZiZiKbp zJW79Arf6O+If6F94Z0xBLaITkpw5954zc+8Nskgo7XmvQ87wyOjYeGlicmp6ZnauPL9wpNJchtwP0yiVxwFTPBIJ97XQET/OJGdxEPFGcLFn4o1LLpVIk0PdzfhpzDqJOBMh00S1yksnml9pGfdippTLkrartBRJ57pVrnhVzy53ENQKUEGx6mn5BSdoI0WIHDE4EmjCERgUPU3U4CEj7hQ94iQhYeMc15gkb U5ZnDIYsRf07dCuWbAJ7Y2nsuqQTonolaR0sUqalPIkYXOaa+O5dTbsb94962nu1qV/UHjFxGqcE/uXrp/5X52pReMMW7YGQTVlljHVhYVLbrtibu5+qUqTQ0acwW2KS8KhVfb77FqNsrWb3jIbf7OZhjX7sMjN8W5uSQOu/RznIPDXq9vV2sFGZWe3mHQJy1jBGo1zEzvYRx0+Wd/gEU94dlrOrXPn3H+mOk OFZhHflvPwASvwmaY=</latexit>
rowlock
<latexit sha1_base64="c2+EyeILqW8FzfikJ2pWLZ0G7PU=">AAAC1XicjVHLSsNAFD3GV31HXboJFsFVSUTQpejGZQXbClYkGad1aJIJk4laSn fi1h9wq78k/oH+hXfGCGoRnZDkzLn3nJl7b5TFIte+/zLmjE9MTk1XZmbn5hcWl9zllWYuC8V4g8lYqpMozHksUt7QQsf8JFM8TKKYt6LegYm3rrjKhUyPdT/jZ0nYTUVHsFATde66bc1vtEoGSl7HkvWG527Vr/l2eaMgKEEV5apL9xltXECCoUACjhSacIwQOT2nCOAjI+4MA+IUIWHjHEPMkragLE4Z IbE9+nZpd1qyKe2NZ27VjE6J6VWk9LBBGkl5irA5zbPxwjob9jfvgfU0d+vTPyq9EmI1Lon9S/eZ+V+dqUWjg11bg6CaMsuY6ljpUtiumJt7X6rS5JARZ/AFxRVhZpWfffasJre1m96GNv5qMw1r9qzMLfBmbkkDDn6OcxQ0t2qBXwuOtqt7++WoK1jDOjZpnjvYwyHqaJD3FR7wiCen5QydW+fuI9UZKzW r+Lac+3fb55bF</latexit><latexit sha1_base64="c2+EyeILqW8FzfikJ2pWLZ0G7PU=">AAAC1XicjVHLSsNAFD3GV31HXboJFsFVSUTQpejGZQXbClYkGad1aJIJk4laSn fi1h9wq78k/oH+hXfGCGoRnZDkzLn3nJl7b5TFIte+/zLmjE9MTk1XZmbn5hcWl9zllWYuC8V4g8lYqpMozHksUt7QQsf8JFM8TKKYt6LegYm3rrjKhUyPdT/jZ0nYTUVHsFATde66bc1vtEoGSl7HkvWG527Vr/l2eaMgKEEV5apL9xltXECCoUACjhSacIwQOT2nCOAjI+4MA+IUIWHjHEPMkragLE4Z IbE9+nZpd1qyKe2NZ27VjE6J6VWk9LBBGkl5irA5zbPxwjob9jfvgfU0d+vTPyq9EmI1Lon9S/eZ+V+dqUWjg11bg6CaMsuY6ljpUtiumJt7X6rS5JARZ/AFxRVhZpWfffasJre1m96GNv5qMw1r9qzMLfBmbkkDDn6OcxQ0t2qBXwuOtqt7++WoK1jDOjZpnjvYwyHqaJD3FR7wiCen5QydW+fuI9UZKzW r+Lac+3fb55bF</latexit><latexit sha1_base64="c2+EyeILqW8FzfikJ2pWLZ0G7PU=">AAAC1XicjVHLSsNAFD3GV31HXboJFsFVSUTQpejGZQXbClYkGad1aJIJk4laSn fi1h9wq78k/oH+hXfGCGoRnZDkzLn3nJl7b5TFIte+/zLmjE9MTk1XZmbn5hcWl9zllWYuC8V4g8lYqpMozHksUt7QQsf8JFM8TKKYt6LegYm3rrjKhUyPdT/jZ0nYTUVHsFATde66bc1vtEoGSl7HkvWG527Vr/l2eaMgKEEV5apL9xltXECCoUACjhSacIwQOT2nCOAjI+4MA+IUIWHjHEPMkragLE4Z IbE9+nZpd1qyKe2NZ27VjE6J6VWk9LBBGkl5irA5zbPxwjob9jfvgfU0d+vTPyq9EmI1Lon9S/eZ+V+dqUWjg11bg6CaMsuY6ljpUtiumJt7X6rS5JARZ/AFxRVhZpWfffasJre1m96GNv5qMw1r9qzMLfBmbkkDDn6OcxQ0t2qBXwuOtqt7++WoK1jDOjZpnjvYwyHqaJD3FR7wiCen5QydW+fuI9UZKzW r+Lac+3fb55bF</latexit><latexit sha1_base64="c2+EyeILqW8FzfikJ2pWLZ0G7PU=">AAAC1XicjVHLSsNAFD3GV31HXboJFsFVSUTQpejGZQXbClYkGad1aJIJk4laSn fi1h9wq78k/oH+hXfGCGoRnZDkzLn3nJl7b5TFIte+/zLmjE9MTk1XZmbn5hcWl9zllWYuC8V4g8lYqpMozHksUt7QQsf8JFM8TKKYt6LegYm3rrjKhUyPdT/jZ0nYTUVHsFATde66bc1vtEoGSl7HkvWG527Vr/l2eaMgKEEV5apL9xltXECCoUACjhSacIwQOT2nCOAjI+4MA+IUIWHjHEPMkragLE4Z IbE9+nZpd1qyKe2NZ27VjE6J6VWk9LBBGkl5irA5zbPxwjob9jfvgfU0d+vTPyq9EmI1Lon9S/eZ+V+dqUWjg11bg6CaMsuY6ljpUtiumJt7X6rS5JARZ/AFxRVhZpWfffasJre1m96GNv5qMw1r9qzMLfBmbkkDDn6OcxQ0t2qBXwuOtqt7++WoK1jDOjZpnjvYwyHqaJD3FR7wiCen5QydW+fuI9UZKzW r+Lac+3fb55bF</latexit>
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(c)
1<latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ=">AAACxHicjVHLSsNAFD2Nr1pfVZdugkVwVRIRdFkUxGUL9g G1SJJO69BpEjIToRT9Abf6beIf6F94Z5yCWkQnJDlz7j1n5t4bpoJL5XmvBWdhcWl5pbhaWlvf2Nwqb++0ZJJnEWtGiUiyThhIJnjMmoorwTppxoJxKFg7HJ3rePuOZZIn8ZWapKw3DoYxH/AoUEQ1/Jtyxat6ZrnzwLegArvqSfkF1+gjQYQcYzDEUIQFAkh6uv DhISWuhylxGSFu4gz3KJE2pyxGGQGxI/oOade1bEx77SmNOqJTBL0ZKV0ckCahvIywPs018dw4a/Y376nx1Heb0D+0XmNiFW6J/Us3y/yvTteiMMCpqYFTTalhdHWRdclNV/TN3S9VKXJIidO4T/GMcGSUsz67RiNN7bq3gYm/mUzN6n1kc3O861vSgP2f45wHra Oq71X9xnGldmZHXcQe9nFI8zxBDZeoo2m8H/GEZ+fCEY508s9Up2A1u/i2nIcPwm2PNg==</latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ=">AAACxHicjVHLSsNAFD2Nr1pfVZdugkVwVRIRdFkUxGUL9g G1SJJO69BpEjIToRT9Abf6beIf6F94Z5yCWkQnJDlz7j1n5t4bpoJL5XmvBWdhcWl5pbhaWlvf2Nwqb++0ZJJnEWtGiUiyThhIJnjMmoorwTppxoJxKFg7HJ3rePuOZZIn8ZWapKw3DoYxH/AoUEQ1/Jtyxat6ZrnzwLegArvqSfkF1+gjQYQcYzDEUIQFAkh6uv DhISWuhylxGSFu4gz3KJE2pyxGGQGxI/oOade1bEx77SmNOqJTBL0ZKV0ckCahvIywPs018dw4a/Y376nx1Heb0D+0XmNiFW6J/Us3y/yvTteiMMCpqYFTTalhdHWRdclNV/TN3S9VKXJIidO4T/GMcGSUsz67RiNN7bq3gYm/mUzN6n1kc3O861vSgP2f45wHra Oq71X9xnGldmZHXcQe9nFI8zxBDZeoo2m8H/GEZ+fCEY508s9Up2A1u/i2nIcPwm2PNg==</latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ=">AAACxHicjVHLSsNAFD2Nr1pfVZdugkVwVRIRdFkUxGUL9g G1SJJO69BpEjIToRT9Abf6beIf6F94Z5yCWkQnJDlz7j1n5t4bpoJL5XmvBWdhcWl5pbhaWlvf2Nwqb++0ZJJnEWtGiUiyThhIJnjMmoorwTppxoJxKFg7HJ3rePuOZZIn8ZWapKw3DoYxH/AoUEQ1/Jtyxat6ZrnzwLegArvqSfkF1+gjQYQcYzDEUIQFAkh6uv DhISWuhylxGSFu4gz3KJE2pyxGGQGxI/oOade1bEx77SmNOqJTBL0ZKV0ckCahvIywPs018dw4a/Y376nx1Heb0D+0XmNiFW6J/Us3y/yvTteiMMCpqYFTTalhdHWRdclNV/TN3S9VKXJIidO4T/GMcGSUsz67RiNN7bq3gYm/mUzN6n1kc3O861vSgP2f45wHra Oq71X9xnGldmZHXcQe9nFI8zxBDZeoo2m8H/GEZ+fCEY508s9Up2A1u/i2nIcPwm2PNg==</latexit><latexit sha1_base64="nY8hzPj3CKCZuv3SM159RUZ0WgQ=">AAACxHicjVHLSsNAFD2Nr1pfVZdugkVwVRIRdFkUxGUL9g G1SJJO69BpEjIToRT9Abf6beIf6F94Z5yCWkQnJDlz7j1n5t4bpoJL5XmvBWdhcWl5pbhaWlvf2Nwqb++0ZJJnEWtGiUiyThhIJnjMmoorwTppxoJxKFg7HJ3rePuOZZIn8ZWapKw3DoYxH/AoUEQ1/Jtyxat6ZrnzwLegArvqSfkF1+gjQYQcYzDEUIQFAkh6uv DhISWuhylxGSFu4gz3KJE2pyxGGQGxI/oOade1bEx77SmNOqJTBL0ZKV0ckCahvIywPs018dw4a/Y376nx1Heb0D+0XmNiFW6J/Us3y/yvTteiMMCpqYFTTalhdHWRdclNV/TN3S9VKXJIidO4T/GMcGSUsz67RiNN7bq3gYm/mUzN6n1kc3O861vSgP2f45wHra Oq71X9xnGldmZHXcQe9nFI8zxBDZeoo2m8H/GEZ+fCEY508s9Up2A1u/i2nIcPwm2PNg==</latexit>
2<latexit sha1_base64="1xqUyEU2jw5UmWWJGwz2cZ+mWs8=">AAACxHicjVHLSsNAFD2Nr1pfVZdugkVwVZIi6LIoiMsW bC3UIkk6rUOnSZhMhFL0B9zqt4l/oH/hnXEKahGdkOTMufecmXtvmAqeKc97LTgLi0vLK8XV0tr6xuZWeXunnSW5jFgrSkQiO2GQMcFj1lJcCdZJJQvGoWBX4ehMx6/umMx4El+qScp642AY8wGPAkVUs3ZTrnhVzyx3HvgWVGBXIym/4Bp9JIiQYwyGGI qwQICMni58eEiJ62FKnCTETZzhHiXS5pTFKCMgdkTfIe26lo1prz0zo47oFEGvJKWLA9IklCcJ69NcE8+Ns2Z/854aT323Cf1D6zUmVuGW2L90s8z/6nQtCgOcmBo41ZQaRlcXWZfcdEXf3P1SlSKHlDiN+xSXhCOjnPXZNZrM1K57G5j4m8nUrN5HNjfHu 74lDdj/Oc550K5Vfa/qN48q9VM76iL2sI9Dmucx6rhAAy3j/YgnPDvnjnAyJ/9MdQpWs4tvy3n4AMTNjzc=</latexit><latexit sha1_base64="1xqUyEU2jw5UmWWJGwz2cZ+mWs8=">AAACxHicjVHLSsNAFD2Nr1pfVZdugkVwVZIi6LIoiMsW bC3UIkk6rUOnSZhMhFL0B9zqt4l/oH/hnXEKahGdkOTMufecmXtvmAqeKc97LTgLi0vLK8XV0tr6xuZWeXunnSW5jFgrSkQiO2GQMcFj1lJcCdZJJQvGoWBX4ehMx6/umMx4El+qScp642AY8wGPAkVUs3ZTrnhVzyx3HvgWVGBXIym/4Bp9JIiQYwyGGI qwQICMni58eEiJ62FKnCTETZzhHiXS5pTFKCMgdkTfIe26lo1prz0zo47oFEGvJKWLA9IklCcJ69NcE8+Ns2Z/854aT323Cf1D6zUmVuGW2L90s8z/6nQtCgOcmBo41ZQaRlcXWZfcdEXf3P1SlSKHlDiN+xSXhCOjnPXZNZrM1K57G5j4m8nUrN5HNjfHu 74lDdj/Oc550K5Vfa/qN48q9VM76iL2sI9Dmucx6rhAAy3j/YgnPDvnjnAyJ/9MdQpWs4tvy3n4AMTNjzc=</latexit><latexit sha1_base64="1xqUyEU2jw5UmWWJGwz2cZ+mWs8=">AAACxHicjVHLSsNAFD2Nr1pfVZdugkVwVZIi6LIoiMsW bC3UIkk6rUOnSZhMhFL0B9zqt4l/oH/hnXEKahGdkOTMufecmXtvmAqeKc97LTgLi0vLK8XV0tr6xuZWeXunnSW5jFgrSkQiO2GQMcFj1lJcCdZJJQvGoWBX4ehMx6/umMx4El+qScp642AY8wGPAkVUs3ZTrnhVzyx3HvgWVGBXIym/4Bp9JIiQYwyGGI qwQICMni58eEiJ62FKnCTETZzhHiXS5pTFKCMgdkTfIe26lo1prz0zo47oFEGvJKWLA9IklCcJ69NcE8+Ns2Z/854aT323Cf1D6zUmVuGW2L90s8z/6nQtCgOcmBo41ZQaRlcXWZfcdEXf3P1SlSKHlDiN+xSXhCOjnPXZNZrM1K57G5j4m8nUrN5HNjfHu 74lDdj/Oc550K5Vfa/qN48q9VM76iL2sI9Dmucx6rhAAy3j/YgnPDvnjnAyJ/9MdQpWs4tvy3n4AMTNjzc=</latexit><latexit sha1_base64="1xqUyEU2jw5UmWWJGwz2cZ+mWs8=">AAACxHicjVHLSsNAFD2Nr1pfVZdugkVwVZIi6LIoiMsW bC3UIkk6rUOnSZhMhFL0B9zqt4l/oH/hnXEKahGdkOTMufecmXtvmAqeKc97LTgLi0vLK8XV0tr6xuZWeXunnSW5jFgrSkQiO2GQMcFj1lJcCdZJJQvGoWBX4ehMx6/umMx4El+qScp642AY8wGPAkVUs3ZTrnhVzyx3HvgWVGBXIym/4Bp9JIiQYwyGGI qwQICMni58eEiJ62FKnCTETZzhHiXS5pTFKCMgdkTfIe26lo1prz0zo47oFEGvJKWLA9IklCcJ69NcE8+Ns2Z/854aT323Cf1D6zUmVuGW2L90s8z/6nQtCgOcmBo41ZQaRlcXWZfcdEXf3P1SlSKHlDiN+xSXhCOjnPXZNZrM1K57G5j4m8nUrN5HNjfHu 74lDdj/Oc550K5Vfa/qN48q9VM76iL2sI9Dmucx6rhAAy3j/YgnPDvnjnAyJ/9MdQpWs4tvy3n4AMTNjzc=</latexit>3<latexit sha1_base64="deBSFXvM/tfdv6lajnbvtN7u8jg=">AAACxHicjVHLSsNAFD2Nr1pfVZdugkVwVRIVdFkUxGUL9gFaJJ lO69A0CZOJUIr+gFv9NvEP9C+8M05BLaITkpw5954zc+8N00hkyvNeC87c/MLiUnG5tLK6tr5R3txqZUkuGW+yJEpkJwwyHomYN5VQEe+kkgejMOLtcHim4+07LjORxJdqnPLuKBjEoi9YoIhqHN6UK17VM8udBb4FFdhVT8ovuEYPCRhyjMARQxGOECCj5wo+PKTEdTEhT hISJs5xjxJpc8rilBEQO6TvgHZXlo1prz0zo2Z0SkSvJKWLPdIklCcJ69NcE8+Ns2Z/854YT323Mf1D6zUiVuGW2L9008z/6nQtCn2cmBoE1ZQaRlfHrEtuuqJv7n6pSpFDSpzGPYpLwswop312jSYzteveBib+ZjI1q/fM5uZ417ekAfs/xzkLWgdV36v6jaNK7dSOuogd 7GKf5nmMGi5QR9N4P+IJz865EzmZk3+mOgWr2ca35Tx8AMctjzg=</latexit><latexit sha1_base64="deBSFXvM/tfdv6lajnbvtN7u8jg=">AAACxHicjVHLSsNAFD2Nr1pfVZdugkVwVRIVdFkUxGUL9gFaJJ lO69A0CZOJUIr+gFv9NvEP9C+8M05BLaITkpw5954zc+8N00hkyvNeC87c/MLiUnG5tLK6tr5R3txqZUkuGW+yJEpkJwwyHomYN5VQEe+kkgejMOLtcHim4+07LjORxJdqnPLuKBjEoi9YoIhqHN6UK17VM8udBb4FFdhVT8ovuEYPCRhyjMARQxGOECCj5wo+PKTEdTEhT hISJs5xjxJpc8rilBEQO6TvgHZXlo1prz0zo2Z0SkSvJKWLPdIklCcJ69NcE8+Ns2Z/854YT323Mf1D6zUiVuGW2L9008z/6nQtCn2cmBoE1ZQaRlfHrEtuuqJv7n6pSpFDSpzGPYpLwswop312jSYzteveBib+ZjI1q/fM5uZ417ekAfs/xzkLWgdV36v6jaNK7dSOuogd 7GKf5nmMGi5QR9N4P+IJz865EzmZk3+mOgWr2ca35Tx8AMctjzg=</latexit><latexit sha1_base64="deBSFXvM/tfdv6lajnbvtN7u8jg=">AAACxHicjVHLSsNAFD2Nr1pfVZdugkVwVRIVdFkUxGUL9gFaJJ lO69A0CZOJUIr+gFv9NvEP9C+8M05BLaITkpw5954zc+8N00hkyvNeC87c/MLiUnG5tLK6tr5R3txqZUkuGW+yJEpkJwwyHomYN5VQEe+kkgejMOLtcHim4+07LjORxJdqnPLuKBjEoi9YoIhqHN6UK17VM8udBb4FFdhVT8ovuEYPCRhyjMARQxGOECCj5wo+PKTEdTEhT hISJs5xjxJpc8rilBEQO6TvgHZXlo1prz0zo2Z0SkSvJKWLPdIklCcJ69NcE8+Ns2Z/854YT323Mf1D6zUiVuGW2L9008z/6nQtCn2cmBoE1ZQaRlfHrEtuuqJv7n6pSpFDSpzGPYpLwswop312jSYzteveBib+ZjI1q/fM5uZ417ekAfs/xzkLWgdV36v6jaNK7dSOuogd 7GKf5nmMGi5QR9N4P+IJz865EzmZk3+mOgWr2ca35Tx8AMctjzg=</latexit><latexit sha1_base64="deBSFXvM/tfdv6lajnbvtN7u8jg=">AAACxHicjVHLSsNAFD2Nr1pfVZdugkVwVRIVdFkUxGUL9gFaJJ lO69A0CZOJUIr+gFv9NvEP9C+8M05BLaITkpw5954zc+8N00hkyvNeC87c/MLiUnG5tLK6tr5R3txqZUkuGW+yJEpkJwwyHomYN5VQEe+kkgejMOLtcHim4+07LjORxJdqnPLuKBjEoi9YoIhqHN6UK17VM8udBb4FFdhVT8ovuEYPCRhyjMARQxGOECCj5wo+PKTEdTEhT hISJs5xjxJpc8rilBEQO6TvgHZXlo1prz0zo2Z0SkSvJKWLPdIklCcJ69NcE8+Ns2Z/854YT323Mf1D6zUiVuGW2L9008z/6nQtCn2cmBoE1ZQaRlfHrEtuuqJv7n6pSpFDSpzGPYpLwswop312jSYzteveBib+ZjI1q/fM5uZ417ekAfs/xzkLWgdV36v6jaNK7dSOuogd 7GKf5nmMGi5QR9N4P+IJz865EzmZk3+mOgWr2ca35Tx8AMctjzg=</latexit>
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Figure 3. (a) Picture of the 2 m long model rowing boat with 4 robot rowers at
constant force with (1) a hull, (2) 4 floats, (3) a mass support, (4) 4 masses, (5) 4
robot rowers and (6) 4 rows. (b) Sketch of the mechanism of one robot rower. The
row and pulley (red) rotate with respect to the rowlock (blue), itself in rotation with
respect to the hull (black) to ensure lifting/dropping of the row between the propulsive
and recovery phases. A suspended mass/string system (gray) ensures row motion at
constant force during the propulsive phase. The recovery phase and the blade flips
were ensured by two servomotors and position sensors connected to an ArduinoTM
board (not shown for clarity). (c) Side view sketch of the row/rowlock system.
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Figure 4. (a) Instantaneous velocity (solid lines) and mean velocity (dash line) of the
hull with respect to the water, starting from rest at t = 0, for α = 7. (b) Velocity of
the hull with respect to the water (solid lines) and absolute velocity of the blade (dash
line) with respect to the water as function of time over two consecutive rowing cycles
in the stationary regime, for α = 7 (theory in red and experiments in black). (c) Mean
boat velocity as function of α. (d) Propulsive stroke duration as function of α.
The experiments were performed at the Ecole polytechnique swimming pool. Set-
ting the recovery phase time to a constant value T (r) = 1.3 s, we video recorded the
model boat rowing over a 25 m distance for four different row lengths, with correspond-
ing aspect ratios spanning from α = 5 to α = 8. As one can see in Fig. 4(a) after the
start, the speed of the hull increases for about 8 seconds (3 strokes) until it reaches a
stationary regime where the average speed is constant. Stationary stroke duration T∞(p)
was recorded for each stroke using the position sensors mentioned above and averaged
for each race.
In Fig. 4(b), the evolution of the instantaneous velocity with time in the stationary
regime is plotted (black curve). One can easily distinguish the two phases: the propul-
sive phase where the speed increases and the recovery phase where the speed decreases.
Note that in reality, the speed keeps increasing at the beginning of the recovery stroke
due to the motion of the rowers on the boat [24]. The experiments show that, when
increasing α, the average hull velocity Vh/w decreases (black dots in Fig. 4(c)), coherent
with an increase in the propulsive stroke duration T∞(p) (Fig. 4(d)). This observation
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agrees quite well with the historical evolution of the ratio α for real oars, presented in
Fig. 2(a), as α decreased over the years with faster and faster boats (see Fig. 2(b)).
In the next parts, we derive a theoretical model to understand these results and
predict the optimal row characteristics.
2. Dynamics of a rigid oar
Here, we present the dynamical equations that govern oar propulsion for a given force
profile exerted by the rower. The first kinematic relation relating the velocities in the
different reference frames reads (see Fig. 5):
Vb/w = Vb/h + Vh/w , (1)
where Vb/w, Vb /h and Vh/w respectively denote the speed of the blade with respect to
the water, the speed of the blade with respect to the hull, and the speed of the hull with
respect to the water §. The second kinematic relation ensures conservation of angular
momentum of the row at the oarlock (see Fig. 5):
Vb/h = −αVr/h , (2)
where Vr/h denotes the speed of the rower hands in the reference frame of the hull. From
now on, we assume that Vb/w, Vb /h, Vh/w and Vr/h are all parallel to the direction of
motion of the hull, so we write: Vb/w = Vb/wex, Vb /h = Vb /hex, Vh/w = Vh/wex
and Vr/h = Vr/hex, with ex the unit vector in the direction of motion of the boat. The
forces exerted on the moving blade are (i) the pressure drag Fp, and (ii) the added
mass Fam, both parallel to the blade motion in the reference frame of the water:
Fp = −1
2
ρSCd|Vb/w|Vb/w (3a)
Fam = −ρΩCmV˙b/w , (3b)
where ρ denotes the water density, S = `bhb is the surface of the blade, Cd and Cm
are the drag and added mass coefficients, and Ω = piS`b/4 is the volume of the cylinder
with diameter `b and height hb (Fig. 3(c)). Note that we here neglect all contributions
related to lift forces on the blade ‖. The net force Fw→b = Fp + Fam exerted by
the water on the blade must match that of the rower Fr through a torque conservation
relation at the rowlock (assuming the oar tubes to be rigid and of negligible mass). That
is:
Fw→b =
1
α
Fr . (4)
§ The velocity of the blade is the velocity at the center point of the blade (where the hydrodynamic
force is exerted).
‖ Although lift might not be negligible especially during the beginning and the end of the rowing stroke
[25, 13], it has the same scaling as the drag force and thus taking it into account would not significantly
change our results.
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We then nondimensionalise the problem by letting V = Vˆ Vc, t = tˆτc and F = F˜Fc,
where Vc =
√
2Fc/(ρSCd), τc = CmΩ
√
2ρ/(FcSCd), and Fc is a characteristic force
scale. The natural characteristic length of the problem Lc = Vcτc = 2CmΩ/(SCd)
compares the effects of added mass and pressure drag. Using Eqs. (3) and (4), one
obtains:
|Vˆb/w|Vˆb/w + ˙ˆV b/w = −
1
α
F˜r . (5)
Equation (5) can be solved numerically for any force profile F˜r(t), such that one
can determine the exact blade velocity Vˆb/w.
3. Single oar dynamics at constant force
In the following, we choose to work on a simple and analytically solvable case
by assuming a constant imposed force (Fig. 2(f)). Although previous studies (see
[14, 26, 13]) show evidence of slightly time-dependent force profiles, we here wish to
extract the general physics and scaling arguments of rowing mechanics with minimal
ingredients, for which a constant force seems appropriate from a physiological point of
view.
Letting the deployed force of the rower Fr = Fc, namely F˜r = 1 into Eq. (5),
together with Vˆb/w(0) = 0 yields:
Vˆb/w(tˆ) = −
1√
α
tanh
(
tˆ√
α
)
. (6)
In particular, one has Vˆb/w(tˆ 1) = −tˆ/α and Vˆb/w(tˆ 1) = −1/
√
α.
In order to validate our model, we first consider that the rowlock is immobile in the
reference frame of the water (Vh/w = 0). This situation corresponds to a fixed boat, a
hypothesis that we shall relax in Sect. 4. To check Eq. (6) experimentally, we performed
a simple experiment involving one row subjected to a constant force (Fig. 6(a)). The
force was exerted by a reference mass m suspended to a nylon string, itself connected
✓0
~g
L
⇤
↵⇤
Vb/w
Vh/wVr/h
Fr
Fw!b
Fw!h
`
ex
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Figure 5. Top view sketch of a model rowing boat (for clarity, only one row/rowlock
system is depicted). Forces are depicted in blue and velocities in red.
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to the row handle through a pulley (so that Fr = mg where g denotes the accelera-
tion of gravity). The rowlock was attached to the basin boundary. A top view image
is presented in Fig. 6(b). For a given mass m we measured the velocity of the blade
while varying L = 5 − 30 cm at constant ` = 3 cm (which amounts to varying α). The
blade dimensions were `b = 7.0 cm and hb = 4.7 cm. Fitting the theory (Eq. (6)) to
the experimental results (Fig. 6(d)) led to Cd = 2.0± 0.2 and Cm = 0.7± 0.1 in good
agreement with literature values (for a plate of ratio height to span around 0.6, one has
Cd ' 1.2 [27] and Cm ' 0.70 [28]).
To go one step further, we compute the stroke duration T (p). The travel of the
row end (held by the rower hands) is given by Λ = θ0` where θ0 = 90
◦ (Fig. 5). The
stroke duration T (p) solves:∫ T(p)
0
Vr/hdt = Λ . (7)
Note that in the setup working at constant force Fr amounts to working at constant
rower energy over a cycle Er = ΛFr. Using Eq. (6), one obtains:
T (p) = τc
√
α cosh−1eαΛ/Lc . (8)
Note that αΛ/Lc is the dimensionless number that compares the travel of the blade
αΛ and the characteristic length Lc. As such Lc can be interpreted as the length
above which the limit velocity is reached and added mass no longer plays a role.
Figure 6(c) displays the theoretical rescaled stroke duration as function of αΛ/Lc as
well as the experimental data points. The stroke duration increases with α, consistent
with increasing blade travel αΛ and decreasing blade propulsive force Fr/α. Decreasing
α amounts to increasing rowing frequency. Two regimes can be distinguished: an added
mass dominated regime corresponding to αΛ/Lc  1 for which T (p) ∼ α, and a
pressure drag dominated phase for which αΛ/Lc  1 and T (p) ∼ α3/2 (note that the
experimental data on Fig. 6 (c) lies on the pressure drag dominated phase).
4. Boat propulsion at constant force
In this section we relax the constraint of an immobile hull (Vh/w 6= 0). The additional
equation needed to close the problem results from the force balance on the hull. This is
Fw→h = NFr/α, with N the number of blades. We assume that the drag force on the
hull is dominated by skin friction ¶ and we do not take into account the motion of the
rowers on the boat. According to Newton’s second law, one obtains in this limit:
MV˙h/w + 1/2ρShCh|Vh/w|Vh/w = NFr/α , (9)
where M is the mass of the boat, Sh the wetted surface of the hull and Ch its skin drag
coefficient. In a different way than in Sect. 2 – as we want to assess the effect of oar
¶ The skin friction is expected to account for 80% of the overall drag [13, 29]. Thus, we neglect here
the other contributions to the drag on the boat (form drag, wave drag and aerodynamic drag).
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row and pulley
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m
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Figure 6. (a) Sketch of the mechanism for the static boat experiment. The row and
pulley (red) rotate with respect to the rowlock (blue) which is fixed in the reference
frame of the lab. A suspended mass/string system (gray) ensures row motion at
constant force. (b) Chronophotography of the static boat experiment with a 20 cm
row (corresponding to α = 5.3). The time between each frame is 60 ms. (c) Rescaled
stroke duration as function of rescaled stroke length. The red curve corresponds to
Eq. (8) and the black crosses signify experimental data with constant F0 = 5N while
varying α. (d) Dimensionless velocity as function of dimensionless time for three
different values of α, each with two values of F0 ∈ {5N, 10N}.
parameters for a given boat – we now use the hull parameters to non-dimensionalise the
problem. Thus, we introduce a new velocity scale V ? =
√
2NFc/(ρShCh) and a new
time scale τ ? = M
√
2/(ρNFcShCh) and we write V = V˜ V
?, t = t˜τ ? and F = F˜Fc,
with Fc the characteristic force introduced in Sect. 2. The natural characteristic length
of the problem is now L? = V ?τ ?. The dimensionless equation governing the boat
velocity then writes:
|V˜h/w|V˜h/w + ˙˜V h/w =
1
α
F˜r . (10)
With the new set of characteristic parameters, the dimensionless equation governing
the dynamics of the oar (Eq. (5)) must accordingly be changed to:
β|V˜b/w|V˜b/w + γ ˙˜V b/w = −
1
α
F˜r , (11)
Physics of rowing oars 10
where:
β = NSCd/(ShCh) (12)
denotes the ratio between the blades’ pressure drag and the hull skin drag and
γ = NρΩCm/M is the ratio between the blades’ added mass and the boat mass. In
the following and for the sake of simplicity, we consider self-similar blades (ratio hb/`b
constant), so that γ ∼ β3/2, by that reducing the number of dimensionless parameters.
Each rowing cycle k is made of two phases: (i) the propulsive phase at constant
force with duration Tk
(p) for which we set F˜r = 1 and (ii) the recovery phase with
duration Tk
(r) for which F˜r = 0. The overall cycle period reads Tk = Tk
(p) + Tk
(r). In the
following, we shall restrict to a constant and prescribed duration for the recovery phase
Tk
(r) = T (r) +. The solution of Eq. (10) reads in the propulsive phase (t˜ ∈ [t˜k, t˜k + T˜ (p)k ]
with t˜k = kT˜k): V˜
(p)
h/w
(t˜) =
1√
α
tanh
[
1√
α
(t˜− t˜k) + tanh−1[V˜ (p)h/w(t˜k)
√
α ]
]
, (13)
and in the recovery phase (t˜ ∈ [t˜k + T˜ (p)k , t˜k+1]):
V˜
(r)
h/w
(t˜) =
1(
V˜
(p)
h/w
(
t˜k + T˜
(p)
k
))−1
+
(
t˜− t˜k − T˜ (p)k
) . (14)
To close the system, one needs the continuity equation for the velocity:
V˜
(r)
h/w
(t˜k+1) = V˜
(p)
h/w
(t˜k+1) , (15)
and the equation for the stroke duration Tk
(p) of the kth propulsive phase:∫ tk+T (p)k
tk
Vb/hdt =
∫ tk+T (p)k
tk
(
Vb/w − Vh/w
)
dt = −αΛ . (16)
In order to test our theory, we compare its predictions with the results for our robot
rowing boat with imposed propulsive force presented in the Sect. 1 (see Fig. 3). The
experimental results are reported in Fig. 4 and compared to the theoretical predictions
of our model. The row parameters Cd and Cm were estimated in the previous section.
The drag coefficient on the hull Ch was estimated by measuring the deceleration of the
fully loaded model boat with a given initial velocity and blades out of the water (we
found ShCh = (2.2± 0.1) 10−3 m2).
The measured instantaneous hull velocity (Fig. 4(b)) is found in quite good agree-
ment with the theoretical predictions. The stroke duration (Fig. 4(d)) and the mean
velocity (Fig. 4(c)) are slightly off the theoretical curves. These small discrepancies can
be the results of two different effects. First, our model does not account for the dynamic
inclination of Fb/w with respect to the direction of motion of the boat, by that over-
estimating the propulsive force. Indeed the instantaneous real propulsive force should
+ Note that another possible choice would be to set Tk
(r) = Tk
(p).
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read Fb/w cos θ where θ ∈ [−θ0/2, θ0/2] denotes the angle of the row with respect to
the normal to the direction of motion. Although we do not wish to increase the model’s
complexity further by accounting for this effect, the associated correction can be roughly
estimated by 〈cos θ〉[−θ0/2,θ0/2] ≈ 10%. Second, our robot rowing boat suffered from an
abrupt slow down at the end of the propulsive phase (Fig. 4(b)) due to both (i) the rows
hitting the mechanical stop before being lifted out of the water, and (ii) the deceleration
of the masses increasing the drag on the hull. Note that, in contrast with the static boat
experiments of Sect. 3, our model boat lies on the crossover between the added mass
and pressure drag dominated regimes. Indeed, as can be seen on Fig. 4(b), the blade
velocities display roughly balanced acceleration and plateau timescales. This key effect
is precisely due to relaxing the static constraint by that shortening the blade’s travel
with respect to the water.
To interpret the results in term of efficiency, we define the anchoring A of the blade,
as the ratio of the distance travelled by the hull during the propulsive phase, denoted
Λh(α), and the travel of the blade in the reference frame of the boat αΛ (see Fig. 5):
A = Λh
αΛ
, with Λh(α) =
∫ T(p)∞
0
Vh/wdt . (17)
The anchoring can be seen as the oar efficiency ∗. Indeed, if A = 1, the blade does not
move with respect to the water and all the rower’s energy is transferred to the boat. In
contrast, if A = 0 the boat does not move and the oars slip in the water. Interestingly
the anchoring has an energetic interpretation. The propulsive energy provided by the
rower Er = ΛFr is dissipated by both the hull Eh = ΛhFr/α and the blades Eb, such
that Er = Eh + Eb. Equation (17) yields:
A = Eh
Er
, (18)
that is: the anchoring A ∈ [0, 1] quantifies the efficiency of energy transfer between the
rower and the boat [20, 6].
The tendencies and the optimisation are discussed in the following section and
compared to real rowing boat data.
5. Physical discussion
Here, we discuss the global optimisation problem as function of parameters α and β
and confront our results to real rowing boats. Figure 7 displays the dimensionless hull
velocity, the stroke duration and the anchoring as function of α and β ], together with
a few 2D cut to simplify the discussion. The velocity plot can be understood from the
stroke duration and anchoring plots through the relation:
∗ The anchoring can be related to the instant centre of rotation of the oar.
] Note that we here use the parameters of real rowing boats in order to be able to compare our theory
to the empirical data.
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Figure 7. (a1-3) Rescaled mean boat velocity V˜h/w, (b1-3) propulsive stroke duration
T˜
(p)
∞ and (c1-3) anchoring A as function of α and β. The manifolds (a1, b1, c1) and
the curves obtained at given α (a2, b2, c2) or given β (a3, b3, c3) were obtained
numerically with the parameters of a coxless four rowing boat. Asymptotes at small
and large scale in (a2, a3, b2, b3, c2, c3) are indicated with black and red dashed lines.
The black dot in each plot corresponds to the observed data for a coxless four rowing
boat.
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V ∼ AαΛ
T
(p)
∞
. (19)
At constant α, the rescaled velocity and the stroke duration are increasing functions
of β (Figs. 7(a2) and (b2)) and saturate at large β. This can be understood through
the anchoring behavior (Fig. 7(c2)). At small β – small blades – the anchoring is weak
and much energy is dissipated by the blades motion with respect to the water. At large
β, the large blades are well anchored in the water ensuring maximal energy transfer to
the boat, or equivalently that the hull velocity matches the blade velocity with respect
to the boat. The behavior with α at constant β is less trivial. The stroke duration is an
increasing function of α and the velocity crosses over from a plateau at small α (added
mass dominated) to an α−1/2 regime (pressure drag dominated) at large α. At large
given β the anchoring is maximal (A → 1) and the velocity is a monotonous function of
α, while for small given β there exists an optimal value of α that maximises the velocity.
The mean power injected by a rower at constant maximal force writes:
P¯ =
1
T
(p)
∞
∫ T(p)∞
0
FrVh/wdt =
FrΛ
T
(p)
∞
(20)
P¯ scales as 1/T
(p)
∞ . Note that decreasing the dimensionless row length α decreases the
stroke duration T
(p)
∞ and thus increases the mean injected power.
On the one hand, if one wants to achieve maximum velocity regardless of injected
energy – or equivalently mean power – (sprint strategy), one should choose rather short
oars α ∼ 1 (at the limit of the plateau corresponding to the transition between the
added mass and pressure drag dominated regimes (Fig. 7(a1)). However, bear in mind
that short oars go hand in hand with high rowing frequency which might be hard to
achieve from a physiological point of view, by that setting a lower bound to α [30, 31].
Furthermore, reducing the row length imposes to increase the blade surface to maximise
the anchoring in water A. On the other hand, if one is rather tempted by maximal ef-
ficiency A → 1 (endurance race), then long oars are indicated in order to reduce the
mean power provided by the rower (Fig. 7(c1)).
Note that all the results presented in Fig. 7 were obtained for a fixed recovery time
T˜ (r) = 1.1, roughly corresponding to that of a real rowing race. The recovery time plays
a role on the position of the transition point between the different regimes, as well as
on the maximal mean velocity V˜ max
h/w
reached in the plateau region. Figure 8 displays
the maximal mean velocity as function of recovery to propulsion time ratio. Decreas-
ing the recovery time T˜ (r) reduces the fluctuations of the boat velocity and leads to
an increasing maximal mean velocity that saturates for T˜ (r)/T
(p)
∞ ≤ 1. In the limit
T˜ (r)/T
(p)
∞  1, the distance travelled by the boat during the propulsive phase reaches
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a constant value, while the period of the rowing cycle scales as T˜ (r). Therefore, one
has: V˜ max
h/w
∼ 1/T˜ (r).
T˜ (r)/T˜ (p)1
V˜
m
a
x
h
/
w
Figure 8. Rescaled maximal mean boat velocity (typically the mean velocity on the
plateau, see Fig. 7(a1)) as function of recovery to propulsion time ratio.
Now, let us focus on the case of a coxless four rowing boat. We consider that
each rower deploys a force Fr = 700 N (Fig.2(f)). The stroke duration, the mean boat
velocity and the anchoring computed from our model in this specific case are presented
in Fig. 9. For real sweeping oars, α ' 2.2 and β ' 100 which lies precisely at the cross-
over between the added mass and pressure drag regimes. As one can see in Fig. 9(c),
the estimated anchoring for a coxless four rowing boat [20] compares well with the
theoretical anchoring predictions, with A being close to 80 %.
The real mean velocity (Fig. 9(b)) is smaller than the theoretical one. This is due
to all the assumptions of our model: in particular neglecting the effect of the circular
motion of the row, as well as other sources of drag on the hull like the wave drag. Most
importantly, the maximal theoretical boat velocity is reached for α = 0, while real rows
have α ' 2.2. The stroke duration is also off compared to the theory (Fig. 9(a)). As
mentioned above, physiology imposes a limit to our model. Indeed, the mechanical
optima identified here are not always attainable by the athletes. In particular, the row-
ers are not able to hold the pace and row at too high frequencies (or equivalently too
small stroke durations). A given rower should thus choose the smallest possible rows
corresponding to the minimal stroke duration he is able to achieve while deploying a
maximal force.
In addition, there is a physiological relationship between the force exerted by a
muscle and its characteristic speed, as shown by Hill [31, 32]. When the speed increases
the force decreases, implying that there exists an optimum power developed by the
muscle. In the specific case of rowing, the movement is quite complex and involves a lot
of different muscle groups. A physiological study would allow to find the optimum for
a given athlete and to confront it with the mechanical optimum to choose the oars.
Other physiological and practical aspects can be important when it comes to the
choice of the row length. With smaller rows, the rower would have to raise much more
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the hands, which is not optimal to pull the row. The techniques for the catch (or blade
entry in water) and the release (blade going out of water) should also be changed to
adapt with the new oars. Furthermore, for a good synchronisation between rowers, it is
necessary that all the rowers deploy the same force and have the same row characteris-
tics [24].
6. Concluding remarks
The present study deals with the question of optimal oar characteristics with a constant
imposed force to model the rower, in contrast with most previous works which considered
imposed kinematics. This assumption closes the mechanical problem, setting the
movement of the rower and the stroke duration. Our theoretical model was validated
experimentally in static and dynamic using a robot rowing boat at constant force. We
distinguish two regimes depending on whether the force on the blade is dominated by
added mass or by pressure drag. We found that real rowing lies at the cross-over between
these two regimes.
The optimal row length and blade size depend on the adopted strategy. If one
wants to go as fast as possible without paying attention to the energy consumed (sprint
strategy), it is better to use short oars and large blades. If one however aims at
minimising the injected mean power (endurance strategy), long oars and small blade are
optimal. Note that olympic rowing races correspond rather to the sprint regime (race
duration is around 6 min) and thus the oars should be small while ensuring a reasonable
stroke frequency. This is actually the tendency observed historically on rowing (Fig. 2).
To conclude, let us underline that our study aims at providing the key ingredients
to perform the optimisation of oar length and blade size for a given rower depending on
the rowing category. To be more quantitative, the effect of the row angle with respect
to the direction of motion, the lift on the blade and the wave drag on the hull could be
taken into account. A more realistic force profile could also be injected in the dynamical
equations, which would then have to be solved numerically. Finally, note that our work
can easily be extended to other sports or propulsive mechanisms, such as kayaking,
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Figure 9. (a) Propulsive stroke duration as function of α. (b) Mean boat velocity as
function of α. (c) Anchoring (or equivalently energy transfer efficiency) as function of
α (Eq. (17)). The blue curves were obtained numerically for β between 90 and 120.
Empirical data for a coxless four rowing boat are indicated with a black dot.
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canoeing †† and swimming [33].
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